An involvement of the transient receptor potential vanilloid (TRPV) 1 channel in the regulation of body temperature (T b ) has not been established decisively. To provide decisive evidence for such an involvement and determine its mechanisms were the aims of the present study. We synthesized a new TRPV1 antagonist, AMG0347 [(E)-N-(7-hydroxy-5,6,7,8-tetrahydronaphthalen-1-yl)-3-(2-(piperidin-1-yl)-6-(trifluoromethyl)pyridin-3-yl)acrylamide], and characterized it in vitro. We then found that this drug is the most potent TRPV1 antagonist known to increase T b of rats and mice and showed (by using knock-out mice) that the entire hyperthermic effect of AMG0347 is TRPV1 dependent. AMG0347-induced hyperthermia was brought about by one or both of the two major autonomic cold-defense effector mechanisms (tail-skin vasoconstriction and/or thermogenesis), but it did not involve warmth-seeking behavior. The magnitude of the hyperthermic response depended on neither T b nor tail-skin temperature at the time of AMG0347 administration, thus indicating that AMG0347-induced hyperthermia results from blockade of tonic TRPV1 activation by nonthermal factors. AMG0347 was no more effective in causing hyperthermia when administered into the brain (intracerebroventricularly) or spinal cord (intrathecally) than when given systemically (intravenously), which indicates a peripheral site of action. We then established that localized intra-abdominal desensitization of TRPV1 channels with intraperitoneal resiniferatoxin blocks the T b response to systemic AMG0347; the extent of desensitization was determined by using a comprehensive battery of functional tests. We conclude that tonic activation of TRPV1 channels in the abdominal viscera by yet unidentified nonthermal factors inhibits skin vasoconstriction and thermogenesis, thus having a suppressive effect on T b .
Introduction
The transient receptor potential vanilloid (TRPV) 1 channel is abundant in small-diameter sensory fibers of spinal and cranial nerves, as well as in several populations of neurons within the CNS (Tominaga and Caterina, 2004; Dhaka et al., 2006) . The TRPV1 channel, one of the so-called ThermoTRP channels, is activated with a high gain by heat, protons, and vanilloids; activation (opening) of this channel results in an inward nonselective cationic current that promotes both cell depolarization and an upsurge of cytosolic calcium (Caterina et al., 1997; Tominaga et al., 1998) . In transfected cells maintained at a physiological pH (7.4), the threshold temperature for activation of the TRPV1 channel is ϳ43°C (Caterina et al., 1997; Tominaga et al., 1998) . Hence, this channel was anticipated to contribute to the detection of noxious temperatures but not to physiological thermoregulation. A role of the TRPV1 channel in thermal nociception has been confirmed by studies with genetic deletion (Caterina et al., 2000; Davis et al., 2000) or pharmacological blockade (GarciaMartinez et al., 2002; Gavva et al., 2005b ) of this channel. The noninvolvement of the TRPV1 channel in the physiological regulation of deep body temperature (T b ) has been accepted based on the fact that TRPV1-deficient mice regulate T b similarly to wild-type mice when exposed to various thermal environments (Szelenyi et al., 2004; Iida et al., 2005) . Most recently, the idea that the TRPV1 channel does not play a role in T b regulation has been challenged by the observation that some drugs that block the TRPV1 channel can increase T b of rats, dogs, and monkeys (Swanson et al., 2005; Gavva et al., 2007) . However, it has not been proven definitively whether the hyperthermic effects of these drugs are attributable to the blockade of the TRPV1 channel or to a yet unidentified side action.
In the present study, we synthesized a new TRPV1 antagonist, AMG0347 [(E)-N-(7-hydroxy-5,6,7,8-tetrahydronaphthalen-1-yl )-3-(2-(piperidin-1-yl)-6-(trifluoromethyl)pyridin-3-yl)acrylamide], and characterized it in vitro. We then showed that AMG0347 is the most potent TRPV1 antagonist known to cause hyperthermia in rats and mice and that its effect on T b occurs through the TRPV1 channel. As of today, these data provide the strongest evidence of a tonic involvement of the TRPV1 channel in thermoregulation. We then identified the mechanisms of AMG0347-induced hyperthermia.
Materials and Methods

Synthesis of AMG0347
AMG0347 (for chemical structure, see Fig. 1A ) was synthesized as described in supplemental Materials and Methods (available at www.jneurosci.org as supplemental material).
In vitro
45 Ca 2ϩ uptake assays
Chinese hamster ovary cells stably transfected with the rat or human TRPV1 channel (Gavva et al., 2004 (Gavva et al., , 2005b were seeded in the wells (20,000 cells per well) of a Cytostar 96-well plate (GE Healthcare, Little Chalftont, UK). Two days later, the assays were conducted. For assessment of the ability of AMG0347 or AMG9810 [( E)-3-(4-t-butylphenyl)-N-(2,3-dihydrobenzo [1, 4] dioxin-6-yl)acrylamide] to block TRPV1 channel activation by capsaicin, the cells were incubated for 2 min at room temperature with capsaicin (500 nM) and one of the antagonists (20 pM to 4 M) in HBSS, pH 7.4, supplemented with bovine serum albumin (100 g/ml) and HEPES (1 mM) . 45 Ca 2ϩ (MP Biomedicals, Irvine, CA) in Ham's F-12 medium was then added to achieve a final concentration of 10 Ci/ml, and the cells were incubated for additional 2 min at room temperature. At the end of the second incubation, the wells containing the cells were thoroughly washed with PBS (10 M; pH 7.4) containing bovine serum albumin (100 g/ml). The amount of 45 Ca 2ϩ in the cells was measured using a scintillation counter (MicroBeta Jet; PerkinElmer, Wellesley, MA). For assessment of the effects of the antagonists on TRPV1 channel activation by heat, the assay was performed as before, except that capsaicin was not present during the first incubation and that the second incubation was conducted at 45°C in a dry bath incubator Boekel Scientific, Feasterville, PA) . For assessment of the effects of the antagonists on TRPV1 channel activation by protons, the cells were initially incubated for 2 min at room temperature with AMG0347 or AMG9810 in an acid buffer (MES buffer, pH 5) supplemented with HEPES (30 mM), after which the assay proceeded as described above for the activation by capsaicin assay.
Animals
The experiments were conducted in rats and mice under protocols approved by the St. Joseph's Hospital Animal Care and Use Committee. Male Wistar rats were obtained from Harlan (Indianapolis, IN). They were housed in cages kept in a rack equipped with a Smart Bio-Pack ventilation system and Thermo-Pak temperature control system (Allentown Caging Equipment, Allentown, NJ); the temperature of the incoming air was maintained at 28°C. Standard rat chow and tap water were available ad libitum. The room was on a 12 h light/dark cycle (lights on at 7:00 A.M.). Each rat was extensively handled and habituated to staying inside wire-mesh conical confiners (used later in the thermocouplerespirometry setup) or in the channels of the thermogradient apparatus (thermogradient setup). At the time of the experiments, the rats weighed 300 -450 g.
Mice with ( Ϫ/Ϫ ) or without ( ϩ/ϩ ) a homozygous targeted null mutation in the TRPV1 gene (Caterina et al., 2000) were obtained from the Amgen colony at Charles River Laboratories (Wilmington, MA). They were housed in cages kept in a Maxi-Miser ventilated rack (Thoren Caging Systems, Hazleton, PA) at an ambient temperature (T a ) of 27°C. Standard mouse chow and tap water were available ad libitum. The room was on a 12 h light/dark cycle (lights on at 7:00 A.M.). Each mouse was extensively handled and habituated to spending time inside a Plexiglas enclosure as described previously (Rudaya et al., 2005) ; the same enclosures were used later in experiments (telemetry setup). At the time of the experiments, the mice weighed 30 -40 g.
Surgical preparations
Each rat or mouse was subjected to one or more of the surgical procedures described below. All procedures were performed 5-7 d before an experiment, except for the arterial catheterization (which was performed 1-2 d before an experiment).
Anesthesia and perioperative care. Immediately after anesthesia was induced by intraperitoneal ketamine-xylazine-acepromazine (55.6, 5.5, and 1.1 mg/kg for rats; 42.0, 4.8, and 0.6 mg/kg for mice), the animals were treated prophylactically with an antibiotic (enrofloxacin, 1.1 mg/kg, s.c.). During surgery, the animals were kept on a heating pad; mice were periodically (every 5 min) ventilated with oxygen through custom-made masks. To prevent postsurgical hypothermia, the animals were allowed to recover from anesthesia in a climatic chamber set to 28°C (rats) or 31°C (mice).
Implantation of temperature-measuring devices. A mouse designated for an experiment in the telemetry setup was implanted with a miniature telemetry transmitter (G2 E-Mitter series; Mini Mitter, Bend, OR), whereas a rat designated for an experiment in the thermogradient setup was implanted with a miniature temperature datalogger (SubCue, Calgary, Alberta, Canada). The devices were implanted into the peritoneal cavity via a midline laparotomy and then fixed to the lateral abdominal wall with sutures. The abdominal muscles and skin were sutured in layers.
Intraperitoneal catheterization. This procedure was performed in mice only. After a small midline incision, a silicone catheter [inner diameter (ID), 0.5 mm; outer diameter (OD), 0.9 mm] filled with pyrogen-free saline was inserted into the peritoneal cavity and fixed in place by being sutured to the abdominal wall. The free end of the catheter was knotted, tunneled under the skin to the nape, and exteriorized. The abdominal surgical wound was sutured. The catheter was flushed with saline on the day after surgery and every other day thereafter.
Intravenous catheterization. This and all other procedures described below were performed in rats only. A small longitudinal incision was made on the ventral surface of the neck, left of the trachea. The left jugular vein was exposed, freed from its surrounding connective tissue, and ligated. A silicone catheter (ID, 0.5 mm; OD, 0.9 mm) filled with heparinized (10 U/ml) saline was passed into the superior vena cava through the jugular vein and secured in place with ligatures. The free end of the catheter was knotted, tunneled under the skin to the nape, and exteriorized. The skin wound was sutured. The catheter was flushed with heparinized saline the day after surgery and every other day thereafter.
Arterial catheterization. The neck was incised as for the venous catheterization, and the right carotid artery was isolated and clamped by a microclip. A polyethylene (PE)-50 catheter (ID, 0.6 mm; OD, 1.0 mm) filled with heparinized saline was inserted into the artery toward the heart, the clip was removed, and the catheter was secured in place with ligatures. The free end of the catheter was heat closed and exteriorized at the nape. The surgical wound was sutured.
Intracerebroventricular cannulation. A rat was fixed to a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA) with the incisor bar set 3.3 mm ventral to interaural line. The skin was incised over the sagittal suture, the periosteum was excised, four supporting microscrews were driven into the skull, and a steel guide cannula (Plastics One, Roanoke, VA) was implanted. The tip of the cannula was placed just dorsal to the right lateral ventricle (Ϫ0.8 mm from bregma, Ϫ1.5 mm from the midline, and 2.5 mm from the skull surface) or the third ventricle (0.0 mm from bregma, 0.0 mm from the midline, and 6.0 mm from the skull surface). The implanted cannula was attached to the microscrews with acrylic cement. The lateral ventricle cannula was used to deliver AMG0347 (or vehicle) in experiments designed to compare different routes of administration (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material); the third ventricle cannula was used to deliver capsaicin for the centrally induced vasodilation test (see Fig. 5 ).
Intrathecal catheterization. This procedure was performed as detailed previously (Pogatzki et al., 2000) . Briefly, a rat was placed in a kyphotic position, and the skin on the back was incised along the midline at the level of the iliac crests. The space between lumbar vertebrae 5 and 6 was punctured with a 23 gauge hypodermic needle, which was pushed in until it reached the thecal space; penetration into the thecal space was associated with a tail-flick or hind-paw retraction. A 32 gauge polyurethane catheter reinforced with a steel stylet (Micor, Allison Park, PA) was passed through the needle into the thecal space and advanced rostrally by 4.0 cm from the surface of the body. The stylet and the needle were then removed, and the exterior end of the catheter was bound to a PE-50 catheter using Scotch-Weld structural plastic adhesive (DP-8010; 3M, St. Paul, MN). After the adhesive cured for 20 min, the extended catheter was filled with saline, and its free end was heat closed and exteriorized at the nape. The incised skin was sutured.
Experimental setups
Three setups were used.
Telemetry setup. Telemetry receivers (model ER-4000; Mini Mitter) were positioned inside a climatic chamber (model 3940; Forma Scientific, Marietta, OH). The home cage of each mouse was placed on top of a receiver, a Plexiglas enclosure was placed inside the cage, and the mouse was left in the enclosure. If the mouse had been preimplanted with a catheter for drug administration, a PE-50 catheter extension was passed through a wall port of the climatic chamber and connected to a syringe. In this setup, T a values of 31°C and 26°C are neutral and subneutral, respectively, for mice (Rudaya et al., 2005) .
Thermocouple-respirometry setup. Rats were placed in confiners and equipped with copper-constantan thermocouples for recording colonic temperature and tail-skin temperature (T sk ). The thermocouples were plugged into a data logger (Cole-Parmer, Vernon Hills, IL). Each rat in the confiner was then placed inside a cylindrical Plexiglas chamber (Sable Systems, Las Vegas, NV), which was sealed and continuously ventilated; the airflow was maintained at 600 ml/min with the help of a mass flow controller (Sierra Instruments, Monterey, CA). The air leaving each chamber was automatically sampled, dried, and passed thought an oxygen analyzer (Sable Systems). The Plexiglas chamber containing the rat was kept inside a climatic chamber (Forma Scientific). When present, a catheter (venous, arterial, or thecal) was connected to a PE-50 extension filled with saline. When the animal had an intracerebroventricular cannula, a needle injector was fitted into the cannula and connected to a PE-50 extension. The extension (from the catheter or intracerebroventricular injector) was passed through a port of the Plexiglas chamber, and the port was sealed with paraffin. The extension was then passed through a port of the climatic chamber and connected to a syringe. Using a method previously developed in our laboratory (Romanovsky et al., 2002) , we found that T a values of 23-29°C were neutral for rats in this setup.
Thermogradient setup. The six-channel thermogradient apparatus used has been described in detail previously (Almeida et al., 2006b) . Each rat was allowed to move freely inside a long aluminum channel that had a linear T a gradient (15-30°C). To make an injection in the thermogradient setup, Plexiglas barriers were used to briefly confine the rat to the same portion of the 200-cm-long channel that it was selecting immediately before the injection; after the drug was injected through the jugular catheter, the barriers were removed.
Drug administration
In thermophysiology experiments, AMG0347 and resiniferatoxin (RTX) were administered to rats and mice as described below.
Intraperitoneal AMG0347 to mice. Aliquots of an ethanolic stock solution of AMG0347 (3.5 mg/ml) were stored at Ϫ80°C. On the day of the experiment, the stock was diluted with ethanol and saline to give a working solution of AMG0347 (15 or 150 g/ml) in 50% ethanol. AMG0347 (50 or 500 g/kg) was administered in bolus by injecting the working solution (3.3 ml/kg) via the peritoneal catheter. Control mice received vehicle. The amount of ethanol administered by this and all other administration regimens caused neither detectable hemolysis nor any sign of intoxication.
Intravenous AMG0347 to rats. Working solutions containing AMG0347 at 30 -1500 g/ml and ethanol at 50% were prepared. The solutions were infused via the venous catheter at a rate of 167 l ⅐ kg Ϫ1 ⅐ min Ϫ1 for 2 min; the dose of AMG0347 infused by this regimen ranged from 10 to 500 g/kg. To administer a lower dose (6 g/kg), a working solution of AMG0347 (18 g/ml) in 20% ethanol was infused at the same rate. Control rats were infused with the corresponding vehicle (50 or 20% ethanol in saline).
Intracerebroventricular AMG0347 to rats. A working solution containing AMG0347 at 1 g/l and ethanol at 50% was prepared. By infusing this solution into the lateral ventricle (1 l/min for 2 min), a total dose of 6 g/kg AMG0347 was delivered intracerebroventricularly. Control rats were infused with the vehicle (50% ethanol in saline). The infusions were performed via an injector needle (Plastics One) fitted into the preimplanted guide cannula. The injector protruded 2 mm beyond the end of the guide cannula (thus reaching the lateral ventricle); the injector was fitted to the guide at least 2 h before the infusion.
Intrathecal AMG0347 to rats. A working solution of AMG0347 (40 g/ml) in 25% ethanol was prepared. By infusing this solution (25 l/ min) for 2 min via the thecal catheter, 6 g/kg AMG0347 were delivered intrathecally. Control rats were infused with the vehicle (25% ethanol).
Intraperitoneal RTX to mice. RTX from Euphorbia poisonii was purchased from Sigma-Aldrich (St. Louis, MO). An ethanolic stock solution of RTX (20 g/ml) was prepared, aliquoted, and stored at Ϫ80°C. The stock was diluted with ethanol and saline to give a working solution of RTX (150 ng/ml) in 25% ethanol. This solution was injected (3.3 ml/kg) via the peritoneal catheter. The RTX dose (500 ng/kg) delivered was below the minimal dose known to cause long-term desensitization (Dogan et al., 2004) but was within the dose range known to cause shortterm hypothermia in mice . Control mice were injected with the vehicle (25% ethanol).
"Fake" intraperitoneal administration to mice (needle prick). A mouse was pricked with a sterile 26 gauge needle in the abdomen (no drug injected) to cause stress-associated hyperthermia.
Desensitization of TRPV1 channels
To cause localized (intra-abdominal) or systemic desensitization of TRPV1 channels, rats were injected with RTX intraperitoneally at a dose of 20 or 200 g/kg, respectively (Dogan et al., 2004) . A working solution of RTX (20 or 180 g/ml) containing 20% ethanol was prepared. Because desensitizing doses of RTX cause excessive pain and discomfort, the working solution (or the vehicle) was injected (1 ml/kg; needle prick) in rats under ketamine-xylazine-acepromazine (55.6, 5.5, and 1.1 mg/kg, respectively, i.p.) anesthesia. The 20 g/kg dose was delivered by a single injection of the 20 g/ml solution, whereas the 200 g/kg dose was delivered by injecting the 180 g/ml solution 24 h after injection of the 20 g/ml solution.
Desensitization tests
A battery of five tests was developed and used to confirm TRPV1 desensitization in different bodily compartments.
Eye-wiping test. After topical application of an irritant (e.g., a vanilloid compound) to the eye, a rat instinctively wipes the stimulated eye with the ipsilateral front paw, a response known to involve the TRPV1 channel (Dogan et al., 2004; Gavva et al., 2005b) . To test whether TRPV1 channels in the cornea are desensitized, a drop (20 l) of a solution of RTX (2 g/ml) in 10% ethanol was applied to the cornea, and eye-wiping movements were counted for 5 min.
Centrally induced vasodilation test. Minute, systemically ineffective amounts of intrabrain capsaicin cause tail-skin vasodilation (Hori, 1984) . To test whether TRPV1 channels in the brain are desensitized, a rat was placed in the thermocouple-respirometry setup at a slightly subneutral T a (22°C) and infused intracerebroventricularly with capsaicin (25 g) in 50% ethanol, while the T sk , T b , and T a were monitored.
Bezold-Jarisch reflex test. The Bezold-Jarisch reflex consists of a triad of responses (apnea, bradycardia, and hypotension) triggered when sensory nerve endings located in the right atrium and pulmonary capillaries are stimulated by selected chemical irritants, capsaicin included (Aviado and Guevara- Aviado, 2001 ). Selective desensitization of cardiopulmonary af-ferents blocks this reflex (Gu et al., 2005) . To test whether TRPV1 channels in the right heart and pulmonary vessels were desensitized, a rat was placed in the thermocouple-respirometry setup at a neutral T a (24°C) and injected with capsaicin (10 g/kg) in 1% ethanol intravenously (i.e., in the superior vena cava), whereas the pulsatile arterial blood pressure was monitored using the Datamax blood-pressure-monitoring system (Columbus Instruments, Columbus, OH).
Hot-plate test. TRPV1 channels in the skin are involved in the so-called hot-plate response to noxious heat (Almasi et al., 2003) . To test whether TRPV1 channels in the skin are desensitized, a rat was transferred from its home cage to a hot-plate apparatus (IITC Life Sciences, Woodland Hills, CA), the floor of which was maintained at 55°C. The time taken by the rat to respond with either hindpaw licking, hindpaw flicking, or jumping (the response latency) was measured. To prevent injury, rats that did not respond within 30 s (the cutoff time) were removed from the hot plate, and their response latency was considered 30 s.
Writhing test. Rodents injected intraperitoneally with irritants display episodes of abdominal muscle contraction (writhing response), a response that is drastically inhibited by TRPV1 blockade or desensitization (Ikeda et al., 2001) . To test whether TRPV1 channels in the abdominal cavity are desensitized, a rat was injected intraperitoneally with RTX (0.1 g/kg) in 10% ethanol, and the number of writhing episodes (abdominal muscle contraction associated with hindlimb extension) was counted for 10 min.
AMG0347 determination
The rats were anesthetized with ketamine-xylazine-acepromazine (5.56, 0.55, and 0.11 mg/kg, i.v., respectively), and arterial blood (3 ml) was collected by cardiac puncture and transferred to Microtainer tubes containing lithium heparin (BD, Franklin Lakes, NJ). The tubes were centrifuged (5000 ϫ g, 10 min, 4°C), and the plasma was transferred to cryogenic vials and stored at Ϫ80°C. Immediately after blood was withdrawn from a rat, the animal was perfused through the left ventricle (right atrium cut) with 100 ml of saline. The brain was removed, weighed, frozen in liquid nitrogen, and stored at Ϫ80°C. The amount of AMG0347 present in a sample of plasma or brain tissue was assayed by HPLC-MS according to standard Amgen procedures.
Data processing and analysis
The heat loss index (HLI) was calculated according to the following formula: HLI ϭ (T sk Ϫ T a )/(T b Ϫ T a ) (Romanovsky et al., 2002) . Oxygen consumption (VO 2 ) was calculated by comparing the oxygen fraction (FO 2 ) in the air exiting a chamber containing a rat (FO 2-rat ) to that exiting an empty chamber (FO 2-chamber ). The following formula was used: VO 2 ϭ [air flow ϫ (FO 2-chamber Ϫ FO 2-rat )]/{1 Ϫ [(1 Ϫ respiratory quotient) ϫ FO 2-chamber ]}/rat mass, where the respiratory quotient was considered to be 0.71. The equation term that includes the respiratory quotient accounts for the fact that CO 2 produced by the rat was not extracted from the air passing though the oxygen analyzer in our experimental setup. Mean arterial pressure was calculated from the time integral of the instantaneous pressure. The pain index was calculated according to the following formula: pain index ϭ (cutoff time Ϫ response latency)/cutoff time. The responses were compared by one-way or twoway ANOVA, as appropriate, using Statistica AX'99 (StatSoft, Tulsa, OK). Results are reported as means Ϯ SE.
Results
AMG0347 is a potent and selective TRPV1 antagonist in vitro
The ability of AMG0347 to block TRPV1 channel activation by heat (45°C), protons (pH 5), or capsaicin (500 nM) was studied in cultured Chinese hamster ovary cells stably transfected with the rat or human TRPV1 channel using the 45 Ca 2ϩ uptake assay. AMG0347 inhibited activation of the rat TRPV1 channel by heat (IC 50 ϭ 0.2 nM), protons (IC 50 ϭ 0.8 nM), or capsaicin (IC 50 ϭ 0.7 nM) in a concentration-dependent manner (Fig. 1 B) . AMG0347 also inhibited all three modes of activation of the human TRPV1 channel with similar potencies (data not shown). The potency of AMG0347 was greater than that of other known TRPV1 antagonists, including AMG9810 (Gavva et al., 2005b) . Schild analysis (which evaluates the effect of the concentration of an agonist on a concentration-dependent effect of an antagonist) revealed that AMG0347 is a competitive antagonist (slope, Figure 1 . Chemical structure and in vitro pharmacology of AMG0347. A, Structural formula of AMG0347 as confirmed by spectral analysis (supplemental Materials and Methods, available at www.jneurosci.org as supplemental material). B, Concentration-dependent effects of AMG0347 on the activation of the TRPV1 channel by heat, protons, and capsaicin. For comparison, the effects of AMG9810 on channel activation by the same stimuli are shown. Channel activation was assessed based on the uptake of 45 Ca 2ϩ by cultured Chinese hamster ovary cells stably transfected with the rat TRPV1 channel. The 45 Ca 2ϩ uptake assay was conducted three times for each AMG compound-stimulus combination.
Ϫ1.01; pK b ϭ 9.38) of capsaicin activation of the TRPV1 channel. Importantly, AMG0347 did not block other TRP channels, including TRPV2, TRPV3, TRPV4, TRP ankyrin-1, and TRP melastatin-8 (IC 50 Ͼ 10 M).
AMG0347 produces hyperthermia in rats and mice Next, we studied the effect of AMG0347 on T b in vivo. To avoid the development of stress hyperthermia, AMG0347 (or its vehicle) was infused in Wistar rats via a preimplanted venous catheter. Because the same animal has different thermoneutral zones (TNZs) in different experimental setups (Romanovsky et al., 2002; Rudaya et al., 2005) and because several setups were used in the present study, we always specify at which T a the experiment was performed and how this T a relates to the TNZ. The effect of AMG0347 on T b of rats was studied in what we call the thermocouple-respirometry setup at T a of 28°C, which is the upper limit of the TNZ of rats in this setup (for details, see Materials and Methods). Under these conditions, the vehicle-treated rats presented a slight decrease in colonic temperature (an index of T b ) over the course of the experiment (Fig. 2 A) . Such a decrease often occurs in rats and mice during the light phase of the day, presumably reflecting the circadian rhythm of T b . In AMG0347-treated rats, T b started to increase at ϳ10 min after the onset of the infusion, reached a peak between 20 and 60 min, and then gradually returned to the baseline level. Both the magnitude and timing of the T b peak were dose dependent. At 10 g/kg intracerebroventricularly, AMG0347 caused a small (ϳ0.3°C; p ϭ 2.7 ϫ 10 Ϫ2 ) T b rise that peaked at ϳ20 min. At 50 g/kg intravenously, the T b rise was greater (ϳ0.6°C; p ϭ 2.0 ϫ 10 Ϫ5 ) and peaked at ϳ60 min. The T b responses to even higher doses (200 and 500 g/kg, i.v.) did not differ from the response to 50 g/kg. That AMG0347 increased T b at a dose as low as 10 g/kg makes the potency of this drug to cause hyperthermia at least 300 times greater than the potency of any other TRPV1 antagonist tested thus far (Swanson et al., 2005; Gavva et al., 2007) . AMG0347 was also found to be more potent than other TRPV1 antagonists to suppress thermal hyperalgesia in rats (Gavva et al., 2005a) .
We then studied the effects of AMG0347 on T b in mice. These experiments were conducted in the telemetry setup at T a of 31°C, which is neutral in this setup (see Materials and Methods). Like the rats, the mice were infused with AMG0347 (or its vehicle) in a nonstressful manner, via a preimplanted catheter. However, to avoid technical problems and complications associated with the catheterization of the small and fragile veins of a mouse, the catheter was implanted in the peritoneal cavity. Neither vehicle nor AMG0347 at 50 g/kg increased the abdominal temperature (also an index of T b ) of the mice (Fig. 2 A) . Only at 500 g/kg did AMG0347 cause a significant ( p ϭ 5.4 ϫ 10 Ϫ3 ) T b rise. Differences in the route of administration are likely to explain why the dose of AMG0347 needed to cause hyperthermia was somewhat higher in the mouse experiments (intraperitoneal infusion) than in the rat experiments (intravenous infusion).
AMG0347 does not cause hyperthermia in the absence of the TRPV1 channel
In previous papers (Swanson et al., 2005; Gavva et al., 2007) , no data were reported to show whether TRPV1 antagonists cause hyperthermia by acting on the TRPV1 channel or whether the hyperthermic effect of these drugs is TRPV1 unrelated. If AMG0347 causes hyperthermia by acting on the TRPV1 channel, such a hyperthermic response should not occur in TRPV1-deficient animals. Here, we showed that mice that carry a homozygous targeted null mutation in the TRPV1 gene (TRPV1 Ϫ/Ϫ mice) did not respond to AMG0347 with hyperthermia, whereas their nonmutant (TRPV1 ϩ/ϩ ) littermates did ( p ϭ 5.4 ϫ 10 Ϫ3 ) (Fig. 2 B) . The TRPV1 Ϫ/Ϫ mice, however, were as capable as the TRPV1 ϩ/ϩ mice to increase their T b ( p ϭ 2.2 ϫ 10 Ϫ5 for both) in response to a distinct stimulus, needle prick. That TRPV1 Ϫ/Ϫ mice did not respond to the TRPV1 agonist RTX (500 ng/kg, i.p.) with pronounced hypothermia confirms the absence of the TRPV1 channel in the animals used.
AMG0347-induced hyperthermia: thermoeffector pattern
The thermocouple-respirometry setup was used to monitor T b , T sk , and VO 2 in loosely restrained rats kept at a constant T a ; under these conditions, T b regulation depends exclusively on autonomic effectors. The HLI [(T sk Ϫ T a )/(T b Ϫ T a )] was used as an index of tail-skin vasomotion (Romanovsky et al., 2002) ; VO 2 was used as an index of thermogenesis. Theoretically, VO 2 can reflect changes in both shivering and nonshivering thermogenesis. In small rodents, however, nonshivering thermogenesis is of greater importance (Cannon and Nedergaard, 2004) . Because the activity of autonomic effectors depends on the thermal environ- Figure 2 . AMG0347 produces hyperthermia in wild-type rats and mice but not in TRPV1-deficient mice. A, Effects of intravenous AMG0347 (doses indicated) or its vehicle on the colonic (deep body) temperature of rats at a neutral T a of 28°C and on the abdominal (deep body) temperature of mice at a neutral T a of 31°C. B, Effects of AMG0347, abdominal needle prick, or RTX on the abdominal temperature of TRPV1 ϩ/ϩ (wild-type) and TRPV1 Ϫ/Ϫ (TRPV1-deficient) mice. When the stimulus was expected to result in hyperthermia (AMG0347 administration and needle prick), the experiment was conducted at a neutral T a (31°C); when the stimulus was expected to result in hypothermia (RTX), the experiment was performed at a subneutral T a (26°C). The number of animals in each group (n) is indicated. ment (Romanovsky et al., 2002) , the experiments were conducted at several T a values: 28°C (the upper end of the TNZ in this setup), 24°C (the lower end of the TNZ), or 17°C (6°C below the TNZ). The results of this experiment are shown in Figure 3A . Before receiving AMG0347 or its vehicle, the rats exhibited pronounced tail-skin vasodilation (a high HLI) at 28°C, modest vasodilation (an intermediate HLI) at 24°C, and maximal vasoconstriction (the lowest HLI) at 17°C. Thermogenesis (VO 2 ) was lower within the TNZ (28°C and 24°C) than at the subneutral T a of 17°C. At no T a did the vehicle cause a hyperthermic response, whereas AMG0347 caused significant T b rises at all T a values tested ( p ϭ 2.0 ϫ 10 Ϫ5 at 28°C; p ϭ 9.0 ϫ 10 Ϫ6 at 24°C and 17°C). Although T a affected neither the magnitude nor the time course of the hyperthermic response to AMG0347, it modified the thermoeffector profile of the response. At 28°C, AMG0347 elicited skin vasoconstriction [significant ( p ϭ 3.4 ϫ 10 Ϫ4 ) fall in the HLI] and tended to elevate thermogenesis (VO 2 ). At 24°C, AMG0347 evoked skin vasoconstriction ( p ϭ 1.8 ϫ 10 Ϫ2 ) and increased thermogenesis significantly ( p ϭ 5.9 ϫ 10 Ϫ3 ). At 17°C, AMG0347 strongly activated thermogenesis ( p ϭ 5.4 ϫ 10 Ϫ4 ) but did not cause any additional tail-skin vasoconstriction.
The effect of AMG0347 on a behavioral response (selection of a preferred T a ) was studied in a multichannel thermogradient setup. After the intravenous administration of the vehicle, the rats showed a transient stress hyperthermia and a slight decrease in the preferred T a (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material), which was attributable to the fact that injection in this setup involved handling. Rats treated with a high dose (500 g/kg, i.v.) of AMG0347 exhibited a larger and longer rise in T b ( p ϭ 9.0 ϫ 10 Ϫ6 ), but even such a high dose of AMG0347 did not cause any effect of its own on the preferred T a .
AMG0347 hyperthermia is independent of basal T b or T sk
If the TRPV1 channel is indeed activated in vivo by relatively low temperatures [perhaps as low as 34°C (Ni et al., 2006) ], it is tempting to hypothesize that the thermoregulatory response to TRPV1 antagonists is related to a suppression of the activation of this channel by physiological temperatures. Because a higher temperature is expected to cause a stronger thermal activation of the TRPV1 channel, blocking thermal activation should cause a stronger response at a higher T b (if the responsible TRPV1 channels are located in the body core and are activated by T b ) or at a higher T sk (if the responsible TRPV1 channels are located in the body surface and are activated by T sk ). Hence, if AMG0347-induced hyperthermia occurs as a result of the blockade of thermal activation of the TRPV1 channel, there must be a positive correlation between the magnitude of AMG0347 hyperthermia and the initial (at the time of drug administration) values of T b and/or T sk . By subjecting the data presented in Figure 3A to linear correlation analyses, we found a tendency ( p ϭ 7.8 ϫ 10 Ϫ2 ) for a negative correlation between the maximal value of change in T b (between 10 and 180 min after AMG0347 administration) and the initial value of T b , and a weak negative correlation ( p ϭ 3.1 ϫ 10 Ϫ2 ) between the maximal change in T b and initial T sk (Fig. 3B) . These results reject the original hypothesis. Hence, TRPV1 channels are tonically activated by nonthermal stimuli, and the blockade of this nonthermal activation causes a rise in T b .
AMG0347 causes hyperthermia by acting outside the CNS
We then attempted to determine the location of TRPV1 channels responsible for the hyperthermic effect of AMG0347. First, we determined whether AMG0347 crosses the blood-brain barrier. Rats were injected with AMG0347 (50 g/kg, i.v.), and their arterial blood and brains were harvested 60 min later, i.e., at the time corresponding to the peak of AMG0347-induced hyperthermia. At that time point, the concentration of the drug in the brain (4.1 Ϯ 0.6 g/g; n ϭ 4) was only 3.4 times lower than the concentration in the blood plasma (14.0 Ϯ 1.6 g/ml; n ϭ 4). Because AMG0347 crosses the blood-brain barrier, it is unclear whether it causes hyperthermia by acting inside or outside the CNS. We then investigated whether AMG0347 can cause hyperthermia by acting inside the brain or spinal cord. If one of these sites were a primary site of the hyperthermic action of AMG0347, the intracerebroventricular or intrathecal administration of AMG0347 would cause hyperthermia at doses substantially lower (perhaps one to two orders of magnitude) than the minimally effective intravenous dose of 10 g/kg (Fig. 2 A) . The experiment was conducted in the thermocouple-respirometry setup at T a of 24°C. At a dose as high as 6 g/kg, AMG0347 administered intracerebroventricularly, intrathecally, or intravenously did not produce any significant change in T b , although a tendency for an increase in T b was observed after either the intracerebroventricular or intravenous administration (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Because intravenous AMG0347 showed a tendency to increase T b at the 6 g/kg dose (and a significant effect at 10 g/kg), there was no reason to further increase the dose of AMG0347 in this experiment. Clearly, AMG0347 is not more effective in causing hyperthermia when administered into the brain or spinal cord than when administered systemically.
AMG0347 causes hyperthermia by acting on intra-abdominal targets
Outside the CNS, the TRPV1 channel is abundant in primary sensory neurons. Many TRPV1-containing afferents travel within the spinal nerves and the vagus and innervate the abdominal viscera Hwang et al., 2005; Bielefeldt et al., 2006) . To test the hypothesis that AMG0347 causes hyperthermia by acting on intra-abdominal targets, we induced localized desensitization of TRPV1 channels in the abdominal viscera, as in the past (Dogan et al., 2004 ). This method is based on the well established fact that a single dose of a TRPV1 agonist (e.g., capsaicin and RTX) can make the TRPV1 channel unresponsive to subsequent stimulation. To cause localized, intra-abdominal desensitization of TRPV1 channels, a low desensitizing dose (20 g/kg, i.p.) of RTX was injected 10 d before studying the thermal response to AMG0347 (50 g/kg, i.v.) in the thermocouplerespirometry setup at T a of 24°C. Whereas vehicle-pretreated rats responded to AMG0347 with a typical hyperthermic response, localized desensitization of abdominal viscera with RTX completely abolished this hyperthermia ( p ϭ 9.0 ϫ 10 Ϫ6 ) (Fig. 4) . We then confirmed that TRPV1 desensitization in the model used was indeed restricted to the abdominal cavity. For this, we performed a battery of tests (Fig. 5) in this model of localized desensitization, as well as in rats with systemic desensitization of TRPV1 channels [caused by a high (200 g/kg, i.p.) dose of RTX (Dogan et al., 2004) ] and in nondesensitized rats (treated with the vehicle). All tests were conducted 6 -13 d after the initial administration of RTX or its vehicle. The following tests were used (as explained in Materials and Methods): the eye-wiping test (determines the sensitivity of TRPV1 channels in the eye); the centrally induced tail-vasodilation test (determines the sensitivity of TRPV1 channels in the brain); the Bezold-Jarisch reflex test (determines the sensitivity of TRPV1 channels in the heart and lungs); the hot-plate test (assesses the sensitivity of TRPV1 channels in the skin, primarily of the paws); and the writhing test (determines the sensitivity of TRPV1 channels in the peritoneal cavity). In the rats with systemic desensitization, the responsivity of TRPV1 channels was drastically reduced (compared with the vehicle-treated rats) in all compartments studied [namely, the eye ( p ϭ 1.5 ϫ 10 Ϫ2 ), the brain ( p ϭ 2.2 ϫ 10 Ϫ5 ), the heart and lungs ( p ϭ 3.6 ϫ 10 Ϫ3 ), the skin ( p ϭ 1.3 ϫ 10 Ϫ4 ), and the peritoneum ( p ϭ 1.3 ϫ 10 Ϫ3 )], thus confirming a sufficient sensitivity of all of the tests. In rats with localized desensitization of intra-abdominal TRPV1 channels, the writhing test confirmed a drastic reduction in the responsivity of these channels in the abdominal compartment ( p ϭ 1.4 ϫ 10 Ϫ4 ), but no other compartment was affected.
Discussion
It is well known that experimental animals, including rats and mice, respond to vanilloid agonists such as capsaicin and RTX with a fall in T b (Dogan et al., 2004; Almeida et al., 2006b ). The hypothermic action of these compounds is known to result from pharmacological activation of the TRPV1 channel (Caterina et al., 2000; Dogan et al., 2004; Shimizu et al., 2005) . Surprisingly, whether the TRPV1 channel has a physiological role in T b regulation is unknown. To address this question, we used a newly synthesized, highly potent TRPV1 antagonist, AMG0347. We found that AMG0347 causes hyperthermia in rats and mice at doses as low as 10 g/kg intravenously. Although the previous studies with capsazepine [a "traditional" TRPV1 antagonist, which is particularly ineffective in rodents (McIntyre et al., 2001) ] did not find such an effect (Dogan et al., 2004; , two recent studies that used several chemotypes of novel TRPV1 antagonists did (Swanson et al., 2005; Gavva et al., 2007) . However, both recent studies used much higher doses (3-30 mg/kg) of TRPV1 antagonists and did not use knock-out animals to show that the effect revealed was indeed mediated by the TRPV1 channel. Here, we show unequivocally that TRPV1 antagonist-induced hyperthermia is indeed mediated by the TRPV1. We found that TRPV1-deficient mice do not respond to AMG0347 with hyperthermia, although they are capable of increasing their T b in response to a TRPV1-independent stimulus (needle prick). Interestingly, there are also two studies (JancsoGabor et al., 1970; Woods et al., 1994 ) that found transient hyperthermia in rats during the first 2-3 d after the administration of desensitizing doses of capsaicin or RTX, a finding that agrees with the recently discovered hyperthermic effect of novel TRPV1 antagonists. We conclude that TRPV1 channels are tonically activated in vivo, thus constantly suppressing T b and keeping it at its normal level; when TRPV1 channels are blocked, this suppression is removed, and T b increases.
What are the mechanisms underlying the revealed thermoregulatory involvement of the TRPV1 channel? The popular set point-based model of T b regulation, which postulates that an integrated signal is generated by a single controller and drives the activity of all thermoeffectors, is now giving way to a new model (Romanovsky, 2007) . According to the new model, thermoeffectors are driven by parallel, relatively independent neuronal (afferent-efferent) loops that talk to each other primarily via a common controlled variable, T b . Hence, it is important to identify the thermoeffector loop(s) affected by TRPV1 antagonists. We found that the hyperthermic effect of AMG0347 in rats occurs as a result of tail-skin vasoconstriction and activation of thermogenesis, two major autonomic cold-defense effectors (Romanovsky, 2006) . Similar to the hyperthermic responses to prostaglandin E 2 and cholecystokinin octapeptide (Crawshaw and Stitt, 1975; Szelenyi et al., 1992) , the contributions of skin vasoconstriction and thermogenesis to the overall rise in T b differed at different T a values. Although AMG0347 altered the activity of autonomic thermoeffectors, it did not affect an important behavioral thermoeffector (thermal preference), even at a high dose. These findings suggest that AMG0347 triggers the hyperthermic response by blocking activation of the TRPV1 channels located on structures preferentially involved in the autonomic (but not behavioral) thermoeffector loops.
A recent study (Gavva et al., 2007) hypothesized that TRPV1 antagonists increase T b by acting on the brain circumventricular organs, including the organum vasculosum of the lamina terminalis (OVLT) that forms the anterior wall of the third brain ventricle. This hypothesis agrees with the fact that the anterior preoptic hypothalamus (that contains the OVLT) is more important for the control of autonomic thermoeffectors than for the control of thermotaxis (Almeida et al., 2006a) and with the fact that electrolytic lesions of the OVLT and neighboring structures readily cause hyperthermia (Romanovsky et al., 2003) . We found, however, that AMG0347 fails to cause marked hyperthermia when infused via the route (intracerebroventricular) that provides good access to the OVLT and other circumventricular structures. We also found that administration of AMG0347 into the spinal cord (intrathecally) is no more effective in causing hyperthermia than the intravenous administration of this drug. These findings suggest that AMG0347 causes hyperthermia by blocking TRPV1 channels outside the CNS.
Based on our experiments with localized intra-abdominal desensitization of TRPV1 channels by RTX, we propose that the site of the hyperthermic action of AMG0347 lies within the abdominal cavity. The abdominal viscera are densely innervated by TRPV1-positive afferents. For example, the TRPV1 channel is present in at least 60% of the spinal nerve afferents serving the upper gastrointestinal tract, large intestine, and urinary bladder, whereas it is present in 30% or less of the spinal afferents serving the skin or skeletal muscles (Schicho et al., 2004; Hwang et al., 2005; Christianson et al., 2006) . In addition to the spinal nerves, the vagus nerve serves the abdominal viscera, and at least 20% of the vagal afferents innervating the upper gastrointestinal tract contain the TRPV1 channel (Schicho et al., 2004; Zhang et al., 2004; Bielefeldt et al., 2006) . The hypothesis that AMG0347 causes hyperthermia by blocking TRPV1 channels on afferent fibers innervating the abdominal viscera also agrees with our data showing that the hyperthermic response to this drug involves activation of autonomic thermoeffectors but does not involve thermoregulatory locomotion. Indeed, the latter behavioral response is triggered almost exclusively by changes in T sk (detected by skin nerves), whereas core temperatures (detected by visceral and deep somatic nerves) seem relatively more important for triggering autonomic thermoeffectors (for a recent review, see Romanovsky, 2007) . It should also be considered that the TRPV1 channel is expressed by some non-neuronal cells, e.g., the gastric and urinary bladder epitheliocytes (Birder et al., 2001; FaussonePellegrini et al., 2005) , but the level of TRPV1 channel expression in afferent neurons is at least 30 times higher than that in any other cell population (Sanchez et al., 2001 ). Sites of TRPV1 desensitization in RTX-pretreated rats. The sensitivity of TRPV1 channels in different bodily compartments was determined in vehicle-pretreated rats, in rats pretreated with a low desensitizing dose (20 g/kg, i.p.) of RTX, and in rats pretreated with a high dose (200 g/kg, i.p.) of RTX. Five tests were performed: the eye-wiping test (determines the sensitivity of TRPV1 channels in the eye); the centrally induced tail-vasodilation test (determines the sensitivity of TRPV1 channels in the brain); the Bezold-Jarisch reflex test (determines the sensitivity of TRPV1 channels in the heart and lungs); the hot-plate test (assesses the sensitivity of TRPV1 channels in the skin, primarily of the paws); and the writhing test (determines the sensitivity of TRPV1 channels in the peritoneal cavity). For methodological details, see Materials and Methods. The results of all tests are summarized in the schematics at the bottom.
Perhaps the most unexpected finding of the present study is the lack of a positive correlation between the magnitude of AMG0347-induced hyperthermia and the rats' T b or T sk . This finding strongly suggests that the normally present tonic suppression of T b occurs as a result of tonic activation of TRPV1 channels by nonthermal factors. Such factors may include protons (Caterina et al., 1997; Tominaga et al., 1998) , inorganic cations (Ahern et al., 2005) , and various lipid ligands such as anandamide (Zygmunt et al., 1999) and N-oleoyl-dopamine (Chu et al., 2003) . Not only can these factors directly activate the TRPV1 channel, but they can also potentiate each other's actions in a synergistic manner (Tominaga et al., 1998) . That many nonthermal signals originating in the abdominal viscera can affect thermoregulation is known. For instance, the intraduodenal infusion of hypertonic saline (Osaka et al., 2002) , the intraportal infusion of glucose (Sakaguchi and Yamazaki, 1988) , and distension of the stomach (Petervari et al., 2005) can all activate thermogenesis via the appropriate reflexes, whereas colorectal distension can trigger neuroreflexive skin vasoconstriction (Laird et al., 2006) .
Whereas recent studies have shown an involvement of ThermoTRP channels [namely, TRPV3 (Moqrich et al., 2005) and TRPV4 ] in thermotaxis, this study shows that the activity of a ThermoTRP channel modulates the level at which T b is maintained. It shows that TRPV1 channels located in the abdominal viscera and activated by presently unknown nonthermal factors tonically suppress T b by inhibiting the two major cold-defense autonomic effectors: thermoregulatory skin vasoconstriction and thermogenesis. When TRPV1 channels are blocked (e.g., by AMG0347), these two thermoeffectors are disinhibited, and T b increases.
Perspectives
From the point of view of additional development of TRPV1 antagonists as analgesic and anti-inflammatory drugs, their hyperthermic action, the major focus of the present study, poses a highly undesired on-target side effect. One potential way to dissociate the analgesic and hyperthermic effects of TRPV1 antagonists is to take advantage of the fact that the hyperthermic effect fades away with repeated administration of an antagonist, whereas the analgesic effect shows no attenuation. Such a dissociation seen for two TRPV1 antagonists (N. R. Gavva (Szelenyi et al., 2004; Iida et al., 2005) , but their responses to painful stimuli are suppressed (Caterina et al., 2000; Davis et al., 2000) . The present study may serve as a first step for developing alternative strategies for dissociating the hyperthermic and analgesic effects of TRPV1 antagonists. These strategies can be based on the following two findings of the present study: (1) the TRPV1-bearing cells that trigger the hyperthermic response to TRPV1 antagonists have a specific location (the peritoneal cavity), and (2) these cells are tonically activated by a certain class of stimuli (nonthermal). Specific recipes of how to translate this new knowledge into hyperthermia-free TRPV1 antagonist therapy remain to be developed.
